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The interactions between the tumor microenvironment and tumor cells determine the 
behavior of the primary tumors. Whether cancer-associated fibroblasts (CAF) have a tumor 
progressive or a protective role likely depends on the type of tumor cells and the CAF 
subpopulation. In the present study, we analyzed the prognostic significance of CAF 
subpopulations in colorectal cancer (CRC). CAF phenotypes were analyzed in 302 CRC 
patients by using antibodies against podoplanin (PDPN), a-smooth muscle actin (a-SMA), 
and S100A4. The relationship between the CAF phenotypes and 11 clinicopathological 
parameters were evaluated and their prognostic significance was analyzed from the 
disease-free and overall survival times. We observed that at the tumor invasive front, 
PDPN CAFs were present in 40% of the cases, and S100A4 or a-SMA CAFs were detected 
in all the cases. PDPN/S100A4 and a-SMA/Sl00A4 dual-stained CAFs were observed in 
10% and 40% of the cases, respectively. The PDPN + CAFs were associated with 6 favorable 
clinicopathological parameters and prolonged disease-free survival time. The PDPN"/ 
a-SMA h ' 9h CAFs were associated with 6 aggressive clinicopathological parameters and 
tended to exhibit shorter disease-free survival time. On the other hand, the PDPN"/ 
Sl00A4 h ' 9h CAFs were associated with 2 tumor progression parameters, but not with disease 
prognosis. The PDPN + CAF phenotype is distinct from the a-SMA or S100A4 CAFs in that it 
is associated with less aggressive tumors and a favorable prognosis, whereas the PDPN"/ 
a-SMA high or PDPN7Sl00A4 high CAFs are associated with tumor progression in CRC. These 
findings suggest that CAFs can be a useful prognostic biomarker or potential targets of 
anti-cancer therapy in CRC. 

KeyWords: Cancer-Associated Fibroblast; Podoplanin; a-Smooth Muscle Actin; S100A4; 
Colorectal Neoplasms 



INTRODUCTION 

The continuous cross-talk between cancer cells and their mi- 
croenvironments plays an active role in tumor development, 
invasion and metastasis. The non-neoplastic stromal compart- 
ment is constituted by the cellular and extracellular matrix and 
cancer-associated fibroblasts (CAFs) are the most prominent 
cell type within the tumor stroma (1). Although the microenvi- 
ronment usually promotes tumor progression, recent studies 
suggested the protective role of CAFs depending on the tumor 
types and the CAF subpopulation. CAFs that express a-smooth 
muscle actin (a-SMA) (2), vimentin (3), or fibroblast activation 
protein (FAP) (4) were associated with a shorter disease-free 
survival time in CRC. Although the microenvironment usually 
promotes tumor progression, under certain circumstances ex- 
cess stroma might inhibit tumor invasion (5). A few studies have 
shown that CAFs play a role in preventing tumor progression 



and are related to a favorable prognosis. One particular report 
highlighting the beneficial effects of the fibroblastic reaction in 
a rat colon cancer model suggested that the fibrous encapsula- 
tion could lead to tumor regression (6). On the contrary, others 
have argued that such an encapsulation might benefit the tumor 
by reducing access to the host immune cells (7). These studies 
suggested that the effect of CAFs likely depends on the type of 
tumor cells and the CAF subpopulation. 

Podoplanin (PDPN) is a 38-kDa mucin-type transmembrane 
glycoprotein with extensive O-glycosylation and high sialic acid 
content, and has been implicated in tumor progression (8). PD- 
PN is upregulated on tumor cells in several cancer types, is of- 
ten expressed at the leading invasive edge of tumors, and ap- 
pears to play a role in epithelial-to-mesenchymal transition, in- 
vasion, and metastasis. PDPN is also upregulated by the CAFs 
in the stroma surrounding various tumors, including colorectal 
cancers (9). Although there is a lot of data on the tumor-promo- 
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ting effects of PDPN + CAFs, one particular study reported a con- 
tradictory protective role of PDPN + CAFs in CRC (10). The in- 
vestigators reported the associated PDPN + CAFs with a favor- 
able prognosis in CRC, and observed an enhanced cancer cell 
migration on the knockdown of PDPN in CAFs (10). Thus, fur- 
ther studies are needed to clarify the role of PDPN + CAFs in CRC. 
CAFs expressing a-SMA, a myofibroblast marker, facilitated can- 
cer progression in many different cancers including CRC. How- 
ever, the relationship with other CAF markers has not yet been 
studied. In addition, the association of fibroblast-specific pro- 
tein 1 (FSP1 or S100A4)-expressing CAFs with tumor progres- 
sion and poor prognosis has been found in many different can- 
cers (11, 12), but this has not been confirmed in CRC tissues. 

The aim of the present study was to characterize the CAF sub- 
populations and to evaluate their roles in tumor protection or 
progression in CRC. We identified PDPN-, a-SMA-, or S100A- 
expressing CAFs using immunohistochemistry (IHC) in CRC 
tissues and evaluated their relationship with the clinicopatho- 
logical parameters and prognosis in CRC patients. 

MATERIALS AND METHODS 
Patients and tissue samples 

Paraffin-embedded tissues were obtained from the Department 
of Pathology of the Chungbuk National University Hospital. Three 
hundred and two CRC patients (mean age, 63.6 ± 11.1 yr; range 
25-86 yr; male-to-female ratio, 181:121), who underwent com- 
plete resection (R0) and were followed for more than 5 yr, were 
enrolled in this study. The patients did not receive any chemo- 
therapy or radiation therapy before surgery. The CRCs were lo- 
cated in the right colon in 69 cases, in the left colon in 70 cases, 
and in the rectum in 160 cases (Table 1). 

Histopathology 

For each tumor, medical records and tissue slides were re-eval- 
uated consistently by one pathologist. Tumor size, cell grade, 
depth of tumor invasion, lymph node or distant metastasis, and 
microsatellite status (characterized in 146 cases) were assessed. 
Microsatellite status was evaluated by demonstrating the ex- 
pression of specific microsatellite repeats by polymerase chain 
reaction (PCR). Briefly, PCR was performed using DNA extract- 
ed from resected CRC tissues about two mononucleotide re- 
peats [BAT25, BAT26) and three dinucleotide repeats {D5S346, 
D2S123, D17S250). MSI High (MSI-H) indicates that 2 or more 
microsatellites show instability, MSI low (MSI-L) indicates only 
one microsatellite shows instability and microsatellite stable 
(MSS) indicates the absence of unstable microsatellites (13). We 
categorized the CRCs as MSI-H versus MSI-L or MSS (14). The 
stages were defined according to the TNM staging system based 
on the American Joint Committee on Cancer (AJCC) 7th edi- 
tion (15). We also investigated invasion into lymphatics or ves- 
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Table 1 . Clinical and pathological characteristics of 302 patients with colorectal can- 
cers 



Characteristics 


No. (%) of patients 


Age (yr), Mean + SD (range) 


63.6 + 11.1 (25-86) 


Gender 




Male 


166 (55.0) 


Female 


136 (45.0) 


Tumor grade 




Well 


74 (24.5) 


Moderately 


210 (69.5) 


Poorly 


11 (3.6) 


Undetermined 


7 (2.3) 


Depth of invasion 




T1 


12 (4 0) 


T2 


39 (12.9) 


T3 


190 (62.9) 


T4 


61 (20.2) 


Nodal stages 




NO 


178 (58.9) 


N1 (a, b) 


77 (25.5) 


N2 (a, b) 


47 (15.6) 


AJCC stage 




I 


40 (13.2) 


II 


133 (43.7) 


III 


110(36.4) 


IV 


20 (6.6) 


Lymphovascular invasion 




Negative 


217(71.9) 


Positive 


85 (28.1) 


Perineural invasion 




Negative 


281 (93.0) 


Positive 


21 (7.0) 


Lymphocyte infiltration 




Mild 


102 (33.8) 


Moderate 


160 (53.0) 


Severe 


40 (13.2) 


Type of tumor growth 




Expanding 


109 (33.1) 


Infiltrative 


193(63.9) 


Tumor budding 




Yes 


81 (26.8) 


No 


221 (73.2) 



sels and perineural invasion. Types of tumor growth (expand- 
ing and infiltrative) and the presence of tumor budding (de- 
fined as the presence of clusters of less than 5 tumor cells (16)) 
were evaluated. The number of buds was counted in one field 
of the invasive margin that demonstrated intense tumor bud- 
ding in a high power field (x 200 magnification). A field with > 1 
bud was considered positive. 

Tissue microarray reconstruction and 
immunohistochemistry 

After the slide review, 3-mm tissue micro-arrays (TMA) were 
reconstructed. Regions near the tumor center and near the in- 
vasive margin of CRC, which demonstrated the lowest degree 
of differentiation and had an abundance of mitotic cells, were 
chosen from the original blocks. An experienced pathologist 
marked these representative areas on hematoxylin and eosin 
(H&E)-stained slides from the selected paraffin blocks. Sections 
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of 4 um thickness were cut and IHC was performed using the 
BenchMark XT automated IHC stainer (Ventana Medical Sys- 
tems, Inc., Tucson, AZ) and the Ventana Ultraview DAB Kit 
(Ventana Medical Systems) was used for detection. For IHC, 
the sections were deparaffinized using the EZ Prep solution 
and antigen retrieval was done using the CC1 standard auto- 
mated process (pH 8.4 buffer containing Tris/Borate/EDTA). 
The DAB inhibitor (3% H2O2 endogenous peroxidase) was block- 
ed for 4 min at 37°C. The slides were incubated with the respec- 
tive primary antibodies for 30 min at 37°C, followed by incuba- 
tion with the secondary antibody (Universal HRP Multimer) for 
8 min at 37°C. Subsequently, the slides were treated with the 
DAB + H2O2 substrate for 8 min followed by counterstaining 
with hematoxylin and the bluing reagent at 37°C. The reaction 
buffer (pH 7.6 Tris buffer) was used as a wash solution. The pri- 
mary antibodies used included: anti-podoplanin (Dako Cyto- 
mation, Glostrup, Denmark, 1:50), anti-a-SMA (Dako Cytoma- 
tion, Glostrup, Denmark, 1:400), and anti-S100A4 (Dako Cyto- 
mation, Glostrup, Denmark, 1:800). Dual staining of podoplanin 
(cytoplasm, Red) plus S100A4 (nucleus, DAB/brown) and a- 
SMA (cytoplasm, Red) plus S100A4 (nucleus, DAB/brown) were 
also performed. For the dual staining, the slides were incubated 
with primary antibodies (S100A4) for 32 min at 37°C, followed 
by the secondary antibody of Universal HRP Multimer for 8 min 
at 37°C. The slides were then treated with the DAB substrate for 
8 min at 37°C followed by denaturation at 90°C for 4 min. The 
slides were incubated with primary antibodies (anti-podoplanin 
or a-SMA) for 32 min at 37°C and the secondary antibody of 
Universal AP Multimer for 12 min at 37°C. Slides were sequen- 
tial treated with UV Red enhancer for 4 min at 37°C, UV Fast 
Red A plus UV Red naphthol for 8 min at 37°C, and UV Fast Red 
B for 8 min at 37°C, and finally counterstained using hematoxy- 
lin for 4 min and bluing reagent for 4 min at 37°C. 

For the identification of PDPN-, a-SMA-, and S100A4-express- 
ing CAFs among a-SMA-positive smooth muscles of muscularis 
mucosa, muscularis propria and blood vessels, PDPN-positive 
lymphatic endothelial cells, and S100A4-expressing inflamma- 
tory cells, the distinct histological morphology was carefully ex- 
amined. Muscularis mucosa and muscularis propria appeared 
as smooth muscle bundles and the blood vessels and lymphatic 
channels were identified by their vascular or lymphatic lumens. 
In addition, the CAFs appeared as spindle shaped stromal cells 
with long cytoplasmic extensions, which were different from 
the lymphocytes characterized by a small, round nucleus with 
scanty cytoplasm (Fig. 1). 

The stained slides were semiquantitatively evaluated accord- 
ing to the method described previously (17); stromal staining 
was semiquantitatively assessed as 0 (absence of or weak im- 
munostaining in < 1% of the tumor stroma), 1 (focal positivity 
in 1%- 10% of stromal cells), 2 (positive immunostaining in 1 1%- 
50% of stromal cells, and 3 (51%-100% stromal staining). As- 



sessment of the entire tumor was made at the tumor center and 
the invasive front, or areas of active tumor growth. For statistical 
analysis, PDPN + CAFs were classified as negative (score 0) and 
positive (score 1-3), while a-SMA or S100A4 CAFs were classi- 
fied as low expression (score 0 or 1) and high expression (score 
2 or 3). 

Statistical analysis 

The patient outcomes were overall survival and disease-free 
survival as measured from the time of surgery and were esti- 
mated by the Kaplan-Meier method. The log-rank test and the 
Cox proportional hazard model were used to conduct univari- 
ate and multivariate analyses. The relationship between the 
CAF staining intensity (measured semiquantitatively) and the 
clinicopathological parameters were analyzed using the Fish- 
er's exact test, the chi-square test, Student's t test, or the Mann- 
Whitney U test. All statistical tests were 2-sided, and statistical 
significance was accepted at P < 0.05. All analyses were perform- 
ed using the SPSS version 12.0 (SPSS Inc., Chicago, IL, USA). 

Ethics statement 

The study protocol was reviewed and approved by the institu- 
tional review board of the Chungbuk National University Col- 
lege of Medicine (IRB No. GR 2011-06-009). Written informed 
consent was obtained from all the study participants. 

RESULTS 

IHC of the various fibroblast markers in CRC 

Representative pictures of PDPN, a-SMA, and S100A4 staining 
are shown in Fig. 1. All the study cases presented with CAFs ex- 
pressing S100A4 or a-SMA in the stroma of both the tumor cen- 
ter and the invasive front, while 74% of PDPN + CAFs were iden- 
tified at the tumor center and 42% were at the invasive front 
among the cases examined. Dual-stained CAFs expressing PD- 
PN plus S100A were less frequendy identified (10%) than those 
expressing a-SMA plus S100A4 (40%) at the tumor invasive front. 
The immunoreactivity for PDPN was exclusively confined to 
the stromal fibroblasts of both the intra- and the peri-tumoral 
stroma, and was sparse in the stromal cells that surrounded the 
cancer cell budding in the tumor nests of the invasive front. On 
the other hand, CAFs expressing a-SMA or S100A4 demonstrat- 
ed a similar pattern, both at the tumor center and at the inva- 
sive margin (Table 2). 

Relationship between PDPN + CAFs and 
clinicopathological parameters 

PDPN + CAFs at the tumor invasive front were inversely related 
to the pre-operative carcinoembryonic antigen (CEA) level (P = 
0.020), tumor size (P = 0.039), T-stage (P = 0.002), and AJCC 
stage (P = 0.033). They were frequently observed in tumors that 
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Fig. 1. Immunohistochemistry for different markers of cancer asso- 
ciated fibroblasts (CAFs) in colorectal carcinomas (x400). (A) Podo- 
planin (PDPN) expression was not observed in the normal stromal 
cells, except for the lymphatic vessels (arrow). (B) a-SMA expres- 
sion in smooth muscle cells (arrow) and vessels (empty arrow). (C) 
S1 00A4 expression in inflammatory cells (arrow). (D) a-SMA-positive 
myofibroblasts appeared as spindle shaped stromal cells with long 
cytoplasmic extensions. (E) S1 00A4-positive CAF (arrow) in the tu- 
mor stroma surrounding the carcinoma cells. (F) Dual stained CAFs 
with PDPN (empty arrow) and S100A4 (arrow). (G) Dual stained CAFs 
with a-SMA (empty arrow) and S100A (arrow). 



exhibited an expanding tumor border {P = O.OOl), absence of ence of PDPN CAFs with high a-SMA expression at the tumor 
tumor budding (P = 0.001), and high MSI {P = 0.010). The pres- invasive front was associated with the pre-operative CEA level 
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Table 2. Percentage of cases presenting with cancer associated fibroblasts expressing podoplanin (PDPN), a-SMA, S100A4, PDPN/S100A4, and a-SMA/S100A4 in colorectal 
cancers 



Markers — 






Tumor center 






Invasive margin 


D l mil i r% * 




0 




1 




2 


3 


0 


1 


1 


3 




PDPN 


26.3 




25.0 




24.7 


24.0 


58.2 


26.3 


9.2 


6.3 


0.000 


a-SMA 


0.0 




19.4 




51.0 


29.6 


0.0 


20.4 


50.3 


29.3 


0.764 


S100A4 


0.0 




24.6 




39.5 


35.9 


0.0 


23.1 


37.8 


39.1 


0.279 


PDPN/S1 00A4 


81.3 




14.1 




4.3 


0.3 


91.8 


7.2 


0.7 


0.3 


0.000 


a-SMA/S100A4 


52.1 




28.6 




14.6 


4.6 


59.0 


25.1 


11.4 


4.4 


0.237 


*Measured by Wilcoxon signed-rank test between tumor center and invasive margin in individual case. 










Table 3. Relation between clinicopathological parameters and cancer associated fibroblast subpopulations in colorectal carcinomas 
















PDPN + 




PDPN7a-SMA h » 




PDPN/S100A4 hish 




Parameters 




Selected 
(n = 125) 




Not selected _ 
(n = 177) 


QplpH-pr] 
OCIGULGU 

(n = 90) 


Mnt ^pIpptpH 

(n = 217) 


P 


Qplpp+prl 

OGIGULGU 

(n = 121) 


Mnt qpIpptpH 

INUL oGIGGLGU 

(n = 181) 


P 


CEA level (ng/mL) 




4.3 + 8.3 




8.4 + 23.5 0.020 


9.0 + 26.3 


4.3 + 7.3 


0.032 


6.7 + 16.6 


6.2 + 19.9 


0.838 


Size (cm) 




4.6 ± 1.9 




5.2 + 2.1 


0 039 


5.3 + 2.3 


4.7 + 1.9 


0.011 


5.2 + 1.9 


4.8 + 2.2 


0.296 


Tumor grade 
Well (74) 

Moderately-Poorly (228) 




34 (45.9) 
91 (39.9) 




40(54.1) 
i -57 /fin 1 \ 

I O / ^UU. I j 


0.183 


30(41.1) 
106(46.5) 


43 (58.9) 
122(53.5) 


0.557 


26 (35.1) 
95 (41 .7) 


48 (64.9) 
133(58.3) 


0.342 


Depth of invasion 
11 (12) 
T2 (39) 
T3(190) 
T4 (61 ) 




9 (75.0) 
19(48.7) 
79(41.6) 
18(29.5) 




3 (25.0) 

c\j [u I .0) 

111 (58.4) 
43 (70.5) 


0.002 


1 (8.3) 
15(39.5) 
84 (44.2) 
36 (59.0) 


1 1 (91 .7) 
23 (60.5) 
106(55.8) 
25 (41 .0) 


0.001 


2(16.7) 
16(41.0) 
78(41.1) 
25 (41 .0) 


10(83.3) 
23 (59.0) 
112(58.9) 
36 (59.0) 


0.331 


Nodal stage 
NO (178) 
N1 (77) 
N2 (47) 




77 (43.3) 
32 (41 .6) 
16(34.0) 




101 (56.7) 
45 (58.4) 
31 (66.0) 


0.289 


76 (42.9) 
31 (40.3) 
29 (61 .7) 


101 (57.1) 
46 (59.7) 
18(38.3) 


0.069 


69 (38.8) 
27 (35.1) 
25 (53.2) 


109(61.2) 
50 (64.9) 
22 (46.8) 


0.182 


AJCC stage 
I (40) 
11(132) 

III (110) 

IV (20) 




25 (62.5) 
49(37.1) 
46(41.8) 
5 (25.0) 




15(37.5) 
83 (62.9) 
64 (58.2) 
15(75.0) 


0.033 


10(25.6) 
63 (47.7) 
50 (45.5) 
13(65.0) 


29 (74.4) 
69 (52.3) 
60 (54.5) 
17(35.0) 


0.020 


13(32.5) 
55 (41 .7) 
43(39.1) 
10(50.0) 


27 (67.5) 
77 (58.3) 
67 (60.9) 
10(50.0) 


0.381 


Lymphovascular invasion 
Negative (21 7) 
Positive (85) 




94 (43.3) 
31 (36.5) 




123(56.7) 
54 (63.5) 


0.299 


93 (43.3) 
44 (51 .8) 


123(56.7) 
41 (48.2) 


0.160 


77 (35.5) 
44 (51 .8) 


140(64.5) 
41 (48.2) 


0.013 


Perineural invasion 
Negative (281) 
Positive (21) 


118(42.0) 
7 (33.3) 




163(58.0) 
14(66.7) 


0.411 


128 (45.9) 
8(38.1) 


152(54.1) 
13(61.9) 


0.650 


114(40.6) 
7 (33.3) 


167(59.4) 
14(66.7) 


0.646 


Lymphocyte infiltration 
Mild (102) 
Moderate (160) 
Severe (40) 




38 (37.3) 
68 (42.5) 
19(47.5) 




64 (62.7) 
92 (57.5) 
21 (52.5) 


0.235 


52 (51 .0) 
69 (43.4) 
15(37.5) 


50 (49.0) 
90 (56.6) 
25 (62.5) 


0.109 


35 (34.3) 
68 (42.5) 
18(45.0) 


67 (65.7) 
92 (57.5) 
22 (55.0) 


0.203 


Type of tumor growth 
Expanding (109) 
Infiltrative (193) 




59(54.1) 
66 (34.2) 




50 (45.9) 
127(65.8) 


0.001 


37 (33.9) 
99 (51 .3) 


72(66.1) 
94 (48.7) 


0.004 


36 (33.0) 
85 (44.0) 


73 (67.0) 
108(56.0) 


0.067 


Tumor budding 
Negative (81) 
Positive (221) 




47 (58.0) 
78 (35.3) 




34 (42.0) 
143(64.7) 


0.001 


23 (28.4) 
113(51.1) 


58 (71 .6) 
108(48.9) 


< 0.0001 


21 (25.9) 
100 (45.2) 


60(74.1) 
121 (54.8) 


0.002 


MSI status (146) 
MSS or MSI-L (138) 
MSI-H (8) 




54(39.1) 
7 (87.5) 




84 (60.9) 
1 (12.5) 


0.010 


63 (45.7) 
0 (0.0) 


75 (54.3) 
8(100.0) 


0.010 


50 (36.2) 
1 (12.5) 


88 (63.8) 
7 (87.5) 


0.262 



PDPN + , podoplanin positive; PDPN7a-SMA* h ; podoplanin negative and a-SMA high expression; PDPN7S1 00A4 hi8h , podoplanin negative and S1 00A4 high expression CEA, car- 
cinoembryonic antigen serum level; MSI, microsatellite instability; MSS, microsatellite stable; MSI-L. microsatellite instable-low; MSI-H, microsatellite instable-high. 



(P = 0.032), tumor size (P = O.Oll), T-stage (P= O.OOl), and 
AJCC stage (P = 0.020). These tumors frequently presented with 
an infiltrative tumor border (P = 0.004), presence of tumor bud- 
ding (P = O.OOl), and low MSI or microsatellite stable tumors 



(P = 0.010). In addition, CAFs with PDPN" and high S100A4 ex- 
pression at the tumor invasive front were associated with lym- 
phovascular invasion (P = 0.013) and the presence of tumor 
budding (P = 0.002) (Table 3). 
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Relationship of CAFs expressing different fibroblast 
markers with disease-free or overall survival time 

During the follow up period of 58.6 months (mean), recurrence 
and death occurred in 58 (19.2%) patients and 59 (19.5%) pati- 
ents, respectively. Univariate analysis revealed that PDPN + CAFs 
at the tumor center were significanuy associated with prolong- 
ed disease-free survival time (P = 0.042 by log rank test, Fig. 2A). 
Multivariate analysis revealed that the AJCC stage, perineural 
invasion, and PDPN" CAFs at the tumor center were indepen- 
dent risk factors of disease-free survival (Table 4). Notably, the 
PDPN + CAFs at the invasive front demonstrated a prolonged 



Table 4. The effects of podoplanin positive cancer associated fibroblasts on disease 
free survival time in colorectal cancers: Cox proportional hazards regression 



Parameters 


P value 


Exp(B) 


95% CI of Exp(B) 


Stage 


0.000 






Stage 3 


0.000 


4.206 


2.152-8.222 


Stage 4 


0.000 


10.918 


4.714-25.290 


tymphovascular invasion 


0.194 


1.441 


0.830-2.501 


Perineural invasion 


0.013 


2.551 


1.216-5.351 


Tumor budding 


0.111 


1.852 


0.869-3.948 


Podoplanin 


0.018 


0.505 


0.287-0.888 



disease-free survival time, although without statistical signifi- 
cance (Fig. 2B). Patients that expressed PDPNVa-SMA 111611 CAFs 
presented with a shorter disease-free survival time but it was 
statistically insignificant (Fig. 2C). The presence of PDPN7 
S100A4 hlBh CAFs did not show any relationship with disease- 
free survival (Fig. 2D). In this study, there was no association 
between the CAF subtypes observed and overall survival. 

DISCUSSION 

CAFs are fibroblasts that reside within the tumor stroma and 
they include subpopulations that express a-SMA, vimentin, 
S100A4, FAR fibroblast-associated antigen, and PDPN (18). CAFs 
may actively contribute to tumor growth and malignant behav- 
ior; they can support tumor epithelial proliferation, angiogene- 
sis, and invasion. Desmoplasia at the tumor edge is associated 
with advanced disease stage (19), and a high tumor-stroma ra- 
tio is clearly related to poor prognosis (20). Furthermore, tu- 
mors with abundant myofibroblasts stained with a-SMA (2), vi- 
mentin (3), or FAP (4) were associated with a shorter disease- 
free survival time in CRC. However, the CAF subpopulation in 



100 



80 



60 



*= 40 



20 



P=0.04 



50 100 

Months 



PDPN (+) 
PDPN (-) 



150 



100 



80 



60 



*= 40 



20 




PDPN (+) 
PDPN (-) 



P=0.27 



50 



100 



150 



Months 



o 



100 k 



80 - 



> 60 - 



*= 40 - 



5 20 




Others 

PDPN7cc-SMA hi »* 



P=0.C 



50 100 

Months 



150 



100 



rs- 80 



60 



*= 40 



20 




Others 

PDPN/S1 00A4™"' 



P=0.50 



50 100 

Months 



150 



0 



Fig. 2. Disease-free survival curves based on the CAF subpopulation, with PDPN + at the tumor center (A), PDPN + at the invasive front (B), PDPN/a-SMA"* (C), and PDPN"/ 
S100A4 l,iah (D) in colorectal cancers. 
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certain tumors was associated with less malignant tumors and 
a favorable prognosis. These data illustrate that the effect of 
CAFs likely depends on the type of tumor cells and the immune 
phenotypes of the CAFs. 

This study demonstrates the heterogeneity of CAFs, thereby 
indicating the existence of different subpopulations of stromal 
fibroblasts in tumors based on IHC using various fibroblastic 
markers. PDPN + CAFs, which were abundantly present at the 
tumor center rather than at the invasive margin, are associated 
with favorable clinicopathological parameters and can predict 
a prolonged disease-free survival time in CRC. On the other 
hand, PDPN/a-SM/v 11811 CAFs were associated with malignant 
tumors and indicated a shorter disease-free survival time. In 
addition, PDPN7S100A4 Wgh CAFs were associated with tumor 
budding and lymphovascular invasion. 

PDPN, a mucin-type transmembrane glycoprotein, is expre- 
ssed in lymphatic endothelial cells as well as in cancer cells and 
CAFs in many different tumors. It has been associated with poor 
outcomes in patients with lung adenocarcinoma (21), esopha- 
geal adenocarcinoma (22), oral squamous cell carcinoma (23), 
and invasive breast cancer (24). On the contrary, in cervical can- 
cer, CAFs are associated with improved disease-specific surviv- 
al and disease-free survival (25). In CRC, the patterns of PDPN 
expression and their prognostic significance differed based on 
the studies. One study reported that PDPN is absent in normal 
colonic epithelia but is expressed in CRC cells (9), while anoth- 
er study reported that it is not expressed in CRC cells (10). In 
this study, PDPN + tumor cells were not identified in the CRC 
tissues. Additionally, the relationship between the presence of 
PDPN + CAFs and prognosis differed in several studies. Kitano 
et al. (9) showed that these CAFs were associated with a poor 
prognosis in adenocarcinoma, including CRC, while Yamanashi 
et al. (10) have shown that PDPN + CAFs correlate with a favor- 
able prognosis in CRC. They reported that PDPN + CAFs signifi- 
cantly correlated with a shallower depth of tumors and associ- 
ated with a prolonged disease-free survival time. Additionally, 
they found that the invasion of CRC cells was augmented upon 
co-culture with fibroblasts in which podoplanin expression was 
reduced by siRNA. These results mirror our observations dem- 
onstrating the favorable effects of PDPN + CAFs on disease-free 
survival in CRC. 

In our study, PDPN" and a-SMA hlgh CAFs were associated with 
advanced tumors and shorter disease-free survival times, al- 
though the association was not statistically significant. A previ- 
ous study showed that tumors with abundant myofibroblasts 
stained with a-SMA (2) were associated with a shorter disease- 
free survival time in stage II and III CRC. The effect of a-SMA- 
expressing CAFs was less significant than that of PDPN + CAFs 
in our study. 

The usefulness of S100A4 as a marker for CAFs and the role 
of CAFs with an increased expression of S100A4 in CRC have 



not been clarified. Studies highlighting the clinical significance 
of fibroblast-specific protein 1 (FSP1 or S100A4)-expressing 
stroma have been reported (11, 12). A study by Sugimoto and 
colleagues demonstrated the presence of unique S100A4-ex- 
pressing CAFs distinct from a-SMA positive myofibroblasts in 
mouse tumor stroma (26). One study illustrated that S100A4 
identifies a unique population of fibroblasts with a minimal 
overlap with other markers for CAFs (26), while another study 
indicated that S100A4 is not specific to CAFs but is also express- 
ed by many different kinds of cells, such as lymphocytes, mac- 
rophages, neutrophilic granulocytes, and endothelial cells (27). 
In our present study, we found an association between CAFs 
with a high S100A4 expression and the degree of lymphocyte 
infiltration (data not shown). PDPN7S100A4 high CAFs were 
found associated with lymphovascular invasion and tumor 
budding in tumor tissues, but not with patient prognosis. Based 
on these findings, we propose that S100A4-expressing CAFs 
may play a role in tumor progression, although distinguishing 
S100A4 + CAFs from other inflammatory cells in CRC is very dif- 
ficult. 

The location of CAFs in the tumor also differs based on the 
subpopulation. In this study, PDPN staining was more intense 
towards the tumor center than at the invasive edge, which was 
consistent with a previous study (10). Also, the presence of PDPN + 
CAFs at the invasive front was associated with favorable clinico- 
pathological parameters and PDPN + CAFs at the tumor center 
was a favorable prognostic factor for disease-free survival time. 
These findings suggest that PDPN could be a protective barrier 
against cancer invasion. On the other hand, CAFs stained with 
S100A4 or a-SMA appeared uniform throughout the stroma, ir- 
respective of their location in the tumor center or at the invasive 
edge, similar to previous observations with FAP + CAFs (17). 

Stromal fibroblasts within tumors are designated by only 
partly overlapping marker expression. The heterogeneity in 
marker expression may be explained in part by the diverse ori- 
gins of CAFs (28). In our study, only 40%-50% and 10%-20% of 
cases presented CAFs with dual stained a-SMA/S100A4 and 
PDPN/S100A4, respectively. The heterogeneity observed in CAFs 
impedes the use of a single marker to identify all CAFs, and none 
of these markers by themselves are unique to CAFs (26). 

MSS and MSI CRCs are increasingly being recognized as dis- 
tinct entities, with significantly different pathological character- 
istics, behaviors, and prognosis. MSI was significantly associat- 
ed with a reduced malignant potential (29). In accordance with 
these reports, we found that MSI-high CRCs were associated 
with PDPN + CAFs, which have favorable properties in CRC, and 
MSS or MSI-low CRCs were associated with PDPN /a-SMA 111611 
CAFs, which were associated with tumor progression. 

Studies on the role of CAFs in human cancers have clinical 
significance because therapeutic strategies that target fibroblasts 
within the tumor stroma offer an alternate treatment option. 
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The in vitro analyses following a therapeutic trial targeting fi- 
broblast growth factor receptor signaling (30) have suggested a 
promising new approach in treating aggressive cancers. This 
study showed that different CAFs residing in the tumor stroma 
have opposing roles in tumor protection or tumor progression, 
and targeting specific subpopulations of CAFs is important for 
the development of effective treatments. 
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